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Numerous precipitation events were observed during the Great Plains Irrigation
Experiment (GRAINEX). However, the precipitation event that was observed the
morning of 23 July 2018 is the focus of this thesis. Six experiments were conducted
which involved increasing or decreasing soil moisture by 5% increments over the
irrigated cropland. An additional experiment, which changed the irrigated land use to
grassland, showed precipitation increases. It was found that regardless of strength of
irrigation, average precipitation decreased. Average precipitation decreased by up to 72%
when irrigation increased compared to the control simulation and decreased by up to 85%
when irrigation decreased compared to the control simulation. However, when grassland
replaced the irrigated agriculture, large increases in average precipitation were reported.
When irrigation increased, average latent heat flux increased by up to 28% compared to
CTRL and decreased by up to 67% when irrigation decreased. Sensible heat flux
decreased by up to 27% when irrigation increased compared to the control simulation and
increased by up to 68% when irrigation was removed. The planetary boundary layer over
irrigated cropland was found to be shallower and wetter than over non-irrigated cropland.
However, the grassland simulation observed a planetary boundary layer that was
shallower and wetter than both irrigated and non-irrigated cropland. The changes made to

precipitation, the surface energy balance, and the planetary boundary layer served as a
reminder of irrigation’s complex effects on precipitation for this event. Analysis on the
other precipitation events that were observed during GRAINEX would be helpful to
better understand the effects of irrigation on precipitation.
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Chapter 1
Introduction
Though the scope of climate change’s impacts has yet to be fully known, human
interactions with the Earth are a leading cause of climate change. A special report on the
Intergovernmental Panel on Climate Change (2019) states that global average
temperatures are 1.5 °C higher than prior to the Industrial Revolution. Increases in the
global average temperature are mainly attributed to anthropogenic greenhouse gases such
as carbon dioxide and methane, aerosols, etc., which have been a result of industries such
as manufacturing, agriculture, and energy. This has resulted in changes to the
hydrological cycle by increasing the frequency of extreme events such as droughts and
flooding, heat waves and severe weather, and has affected crop yields. As important as
the effects of increasing greenhouse gases are, other causes of anthropogenic climate
change should not be overlooked.
Such is the case with Land Use/Land Cover Change (LULCC), which can have
similar impacts to greenhouse gases and aerosols. Since 1990, humans have modified up
to 51.3 million square kilometers for cultivation (Mahmood and Pielke 2017). Perhaps
the largest example of LULCC exists with the deforestation in the Amazon Rainforest.
Long-term biophysical, biogeochemical, and biogeographical effects have been
documented because of LULCC (Mahmood and Pielke 2017; Pielke et al. 2011; Pielke et
al. 2016). For example, LULCC has been shown to affect surface energy balance,
precipitation, and temperatures (Mahmood et al. 2013; Pielke et al. 2011; Pielke et al.
2016). The nature of the LULCC is also important to know since the changes it can
introduce to the region are unique and can possibly alter local and regional circulations
(Mahmood et al. 2013).
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Irrigated agriculture is identified as one of the extensive forms of LULCC (Nikiel
and Eltahir 2019). Irrigation brings additional water which, in turn, increases latent heat
fluxes at the expense of sensible heat fluxes (Huber et al. 2014; Nikiel and Eltahir 2019).
Agriculture also lowers temperatures (Nikiel and Eltahir 2019), and irrigation has been
shown to induce cooling in the High Plains region (Mahmood et al. 2013). Widespread
irrigation has been adopted in the Great Plains due to the availability of groundwater
from the Ogallala aquifer (DeAngelis et al. 2011). Note that the irrigation is the main
source of all water use by humans (Salmon et al. 2015) and application of irrigation
increases evapotranspiration compared to non-irrigated agriculture (DeAngelis et al.
2011, Mahmood et al. 2013).
Several field campaigns were conducted to understand land-atmosphere (L-A)
interactions. The Great Plains Irrigation Experiment (GRAINEX) was the first field
campaign that was designed to understand L-A interactions over irrigated and nonirrigated agricultural areas. The field campaign used 12 Integrated Surface Flux System
(ISFS) stations, which measured air temperatures, dew point temperatures, specific
humidity, sensible heat fluxes, and latent heat fluxes. Six ISFS stations were in irrigated
cropland, and six ISFS stations were in non-irrigated cropland. Two Integrated Sounding
System (ISS) sites launched radiosondes, providing tropospheric data over the nonirrigated and irrigated areas. In addition, 75 weather stations, known as the
Environmental Monitoring, Economical Sensor Hubs (EMESH), that can measure 2meter air temperatures, 2-meter dew point temperatures, humidity, and wind speed, were
also utilized. Furthermore, three Doppler on Wheels (DOW) were used to observe PBL
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and convection development. Figure 1.1 shows a map of all the stations in southeast
Nebraska that were in place during the GRAINEX field campaign.

Figure 1.1: The GRAINEX field campaign study area (Lachenmeier 2020).

GRAINEX’s main purpose was to compare the L-A interactions, PBL
development, and precipitation over non-irrigated and irrigated agriculture. In this regard,
multiple precipitation events occurred during the GRAINEX field campaign. The
potential role LULCC had on the 23 July 2018 precipitation event is the focus of this
thesis. A line of thunderstorms had initiated over the irrigated area, reached its maximum
over the boundary between the non-irrigated and irrigated land use and then dissipated
when it entered the non-irrigated area. Since the DOW radars were triangulated between

4

these areas as well, each of the radars captured the event from start to finish with detail.
Figure 1.2 summarized the event from initiation to dissipation.

Figure 1.2: Observed reflectivity from the DOW sites 8, 6, and 7. Instances are taken
from a, b, c) at 1200 UTC; d, e, f) at 1245 UTC; g, h, i) at 1330 UTC.
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Specifically, the objective of this thesis is to understand the role of irrigated and
non-irrigated land use on the development of the 23 July 2018 precipitation event. To
fulfill the objective, this thesis uses the Weather Research and Forecasting (WRF) model.
Eight model simulations were conducted. These include systematic increases and
decreases in soil moisture by 5% and up to +15% and -15% compared to the control data.
These changes reflect potentially different levels of irrigation and resultant soil moisture
content. They would assist us in understanding L-A interactions under different levels of
irrigation and land surface conditions. These simulations constitute seven experiments.
An additional simulation is completed where we converted irrigated land use to
grasslands to determine potential impacts of pre-irrigated land cover. The next chapter
(Chapter 2) provides background of this research. Chapter 3 discusses the experimental
set-up with the Weather Research and Forecasting (WRF) model. The subsequent chapter
(Chapter 4) discusses the results, and the thesis completes with a concluding chapter
(Chapter 5).
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Chapter 2
Background
2.1 Land Use/Land Cover Change
Land Use/Land Cover Change (LULCC) leads to various biogeographical,
biogeophysical, and biogeochemical changes in the land surface (Pielke et al. 2011, Sen
Roy et al. 2011, Pielke et al. 2016). Such changes include albedo (Pielke et al. 2011,
Mahmood et al. 2013), the surface energy balance (Mahmood and Hubbard 2008, Leeper
et al. 2009, Sen Roy et al. 2011, Mahmood et al. 2013), precipitation (Pielke et al. 2007,
Sen Roy et al. 2011, DeAngelis et al. 2011), air temperatures and dew point temperatures
(Mahmood and Hubbard 2008, Sen Roy et al. 2011, Mahmood et al. 2013), surface
roughness (Pielke et al. 2007), and circulations (Pielke et al. 2011, Mahmood et al. 2013,
Pielke et al. 2016, Nikolic et al. 2019). The planetary boundary layer and L-A
interactions are also sensitive to changes in the land surface. Several modeling studies
(Mahmood et al. 2011, Winchester et al. 2017, Rodgers et al. 2018) and observational
studies (Pielke et al. 2007, Pielke et al. 2011, Mahmood et al. 2013) noted that changes to
the surface energy balance due to LULCC resulted in changes to the planetary boundary
layer and L-A interactions. Changes to sensible heat fluxes have been found to reduce
turbulent transfer and planetary boundary layer heights (Pielke et al 2007, Mahmood et al
2011) and in some cases, cloud cover and initiation of precipitation (Pielke et al 2007).
Changes to latent heat fluxes can alter the stability of a region due to increases in
moisture fluxes, relative humidity, and equivalent potential temperatures (Mahmood et al.
2011).
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2.2 Agriculture
Agriculture has been observed to cause changes to the surface energy balance
(Chase et al. 1999, Sen Roy et al. 2011, Nikiel and Eltahir 2019). Agricultural expansion
and related LULCC typically shifts the surface energy balance to favor latent heat fluxes.
Agriculture also results in other changes to biophysical factors such as surface roughness,
leaf area index (LAI), and albedo (Pielke et al. 2007, Pielke et al. 2011, Mahmood et al.
2013). Agricultural areas have higher leaf areas compared to grassland. Agricultural areas
also have higher surface roughness during the growing season compared to grassland;
however, during the wintertime, agriculture resembles bare soil, which features less
surface roughness and leaf area index (Pielke et al. 2007). It may be important to know
that climate models have reported an increase in frequency of strong jet streams due to
agricultural expansion (Nikolic et al. 2019).

2.3. Irrigation Impacts
In many regions of the world irrigation accompanies agriculture. Like agriculture,
irrigation introduces unique effects on weather and climate. For example, average dry
growing season precipitation in northwestern India has been increased due to irrigation
(Sen Roy et al. 2011). DeAngelis et al. (2011) show that decreases in precipitation have
been observed for the immediate area but increases in precipitation have been observed in
downwind areas. Many observational and modeling studies have shown that increasing
irrigation decreased daily maximum temperature (Sen Roy et al. 2011; Chase et al. 1999;
Mahmood et al. 2013). Irrigation and increased soil moisture content also increased
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equivalent potential temperatures (Sen Roy et al. 2011). Changes in soil moisture also
changes the surface energy balance (Sen Roy et al. 2011; Leeper et al. 2011; Adegoke et
al. 2003); where irrigation and increasing soil moisture increased latent heat fluxes, while
decreasing soil moisture decreased latent heat fluxes. Simulations of increasing soil
moisture have been shown to increase the intensity of precipitation under favorable
synoptic conditions (Frye and Mote 2010; Adegoke et al. 2003; Quintanar et al. 2008).

2.4 Irrigation’s Impacts in the U.S. Great Plains and Nebraska
Modeling studies suggest that irrigation in the U.S. Great Plains may increase the
strength of the high pressure due to evaporative cooling and by creating sinking motion
(Pei et al. 2016). Irrigation was also found to enhance precipitation in regions downwind
(DeAngelis et al. 2011, Pei et al. 2016; Aegerter et al. 2017), where in the former’s case,
it was the upper Midwest and in the latter’s case, it was in Illinois and Indiana. Another
synoptic-scale circulation that is subject to land use changes like irrigation is the Great
Plains Low-Level Jet (LLJ). Modeling research suggests that the frequency of
summertime jets like the Great Plains Low-Level Jet may increase with conversion of
grassland to cropland (Nikolic et al. 2019). Irrigation has altered the surface energy
balance of the region as well. A modeling study by Adegoke et al. (2003) shows that
irrigation had changed the energy balance by increasing latent heat fluxes in Nebraska
due to the increased usage of water. The added latent heat energy can be responsible for
the increased dew point temperature (Mahmood et al. 2008) and, again, decreased
maximum air temperature (Mahmood et al. 2013) in Nebraska.
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2.5 Irrigation’s Impacts on the Planetary Boundary Layer and Convection
Land use changes and (for this case) soil moisture changes due to irrigation can
have impacts on the planetary boundary layer (Mahmood et al. 2011; Leeper et al. 2011;
Quintanar et al. 2008; Suarez et al. 2014). The feedback from the land surface is
important for the growth and maintenance of the planetary boundary layer. Changes in
land use resulted in changes to the surface energy balance and subsequently planetary
boundary layer heights (Mahmood et al. 2011). For example, changes made to either
latent or sensible heat flux can alter the input of moisture or heat, respectively, that can
circulate inside the planetary boundary layer.
Development of convection is a rather complex process, of which land cover can
play a significant role. Thunderstorms require moisture, instability, and a lifting
mechanism. Given an adequately unstable day, or as Frye and Mote (2010) define as a
synoptically primed day, which would allow for large scale ascending motion to occur,
increasing soil moisture would make the atmosphere more unstable, but instability can
decrease due to evaporative cooling (Collow et al. 2014; Pielke et al. 2016). However, if
convection is to occur, thunderstorms that form over areas with higher soil moisture, like
irrigated croplands, would be more intense. In the opposite situation, a synoptically
benign day as defined by Frye and Mote (2010), the chance of convective development
could be even limited with irrigation due to the evaporative cooling from its application
(Pei et al. 2016). It may also be helpful to assess convective initiation with respect to soil
moisture gradients, which could occur between two different land uses (Frye and Mote
2010). On most days, larger soil moisture gradients would increase the likelihood of
convection.
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2.6 The GRAINEX Field Campaign
The GRAINEX field campaign focused on the L-A interactions over irrigated and
non-irrigated land use (Lachenmeier 2020, Rappin et al. 2021). In addition to heat flux
data, observations were collected on the planetary boundary layer, precipitation, and
winds. Average air temperatures during the peak of the growing season were 0.69 °F
lower over irrigated cropland than over non-irrigated cropland (Lachenmeier 2020,
Rappin et al 2021). Due to irrigation, latent heat fluxes and evapotranspiration were
increased and resulted in lower maximum air temperatures over irrigated areas. Due to
higher sensible heat flux over the non-irrigated area, planetary boundary layer heights
(PBLH) were higher compared to irrigated areas. In other words, the PBLH was
shallower over irrigated areas (Rappin et al. 2021). The GRAINEX field campaign made
the L-A interactions over irrigated and non-irrigated agriculture clearer. When irrigation
is active, soil moisture increases over these areas compared to non-irrigated areas
(Lachenmeier 2020, Rappin et al. 2021), which in turn increases latent heat flux and
decreases sensible heat flux (Adegoke et al. 2003, Leeper et al. 2011; Sen Roy et al.
2011). However, when synoptic conditions were favorable for clouds and precipitation,
both sensible and latent heat flux were suppressed. Equivalent potential temperatures
were found to be higher over irrigated areas, thus contributing to the increased instability
over these areas (Lachenmeier 2020; Rappin et al. 2021). Changes in wind patterns were
also noticed during some of the days that were analyzed during the field campaign. For
example, on 22 July 2018, winds over the irrigated area were southeast, compared to the
east winds over the non-irrigated area (Rappin et al. 2021).
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2.7 Justification for the Current Thesis Research
In the context of recent findings, it appears that irrigation has a complex impact
on convective precipitation. The information from past research regarding agriculture,
irrigation, and soil moisture all helped to contribute to the understanding of L-A
interactions that occur over irrigated and non-irrigated cropland, the impacts of irrigation
on precipitation, and the impacts of irrigation on the planetary boundary layer. However,
there is room to improve our understanding of irrigation’s impacts on convection and
precipitation development. Because of the data collected during the GRAINEX campaign
on the precipitation event of 23 July 2018, it allowed for additional research on
irrigation’s impacts on precipitation. Therefore, this event was selected for analysis for
the purpose of this thesis.
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Chapter 3
Data and Methods
This chapter highlights the details regarding the experimental design and the
WRF model.
3.1 The Weather Research and Forecasting (WRF) Model
The Weather Research and Forecasting (WRF) model version 4.0 was used for
the purposes of this experiment. The WRF model requires several steps to be completed
(Figure 3.1). The geogrid program takes input of terrestrial data and interpolates them
onto a defined grid or two (depending on how many domains the user has established).
Variables such as monthly albedo, land use category, soil category, and terrain height are
interpolated onto these grids. The ungrib program takes meteorological input data and
converts it into an intermediate format for another program to digest. Please note that
ungrib only works for meteorological data that is inside a GRIB1 or GRIB2 file. The
metgrid program takes the input from ungrib and interpolates them onto the domains that
are established by geogrid. The output from metgrid was used as input for the WRF
program. The WRF program consists of two steps: real and wrf. The real subprogram
vertically interpolates the data outputted from metgrid and establishes the initial and
boundary conditions. Real also does consistency checks within the dataset. Finally, wrf
generates the model forecast using the output data generated by real.
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Figure 3.1: The general workflow of the Weather Research and Forecasting model.

3.2 Summary of Model Physics and Configuration
Initial and boundary conditions for this experiment are provided by the North
American Regional Reanalysis (NARR) dataset. The data has a horizontal resolution of
32 km and extends through all North America. Key data include initial conditions on
sensible and latent heat flux, albedo, air temperatures, dew point temperatures, shortwave
radiation, longwave radiation, and planetary boundary layer (PBL) heights. Having initial
conditions for these variables allows for a better representation of L-A conditions. The
USGS 24-category land use dataset was implemented to represent the land surface.
Unlike the MODIS 21-category land use dataset, the USGS dataset features an explicit
category for irrigated agriculture. Not only is this factor important for determining the
impacts of irrigation easily, but also allows for easier implementation of the Ozdogan
Irrigation Fraction Dataset (Ozdogan and Gutman 2008, Ozdogan et al. 2010). It’s
implementation is discussed in detail later. Figure 3.2 shows the domain that was selected
for the purposes of the experiment. One inner domain was utilized, and a 4 km horizontal
resolution was selected. The inner domain covers all of Nebraska and is a 189 x 97
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regular grid. The outer domain is a 100 x 100 regular grid and has a horizontal resolution
of 12 km.

Figure 3.2: Inner and outer domains for the WRF model applications.

The Noah land surface model (Chen and Dudhia 2001; Tewari et al. 2004) was
used for land surface physics. This model captures the important processes that occur at
the surface such as calculating fluxes and evapotranspiration. Evapotranspiration in the
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Noah LSM consists of three parts: soil evaporation, plant transpiration, and stomatal
conductance. Transpiration is a function of the exchange coefficients of heat and
moisture, vegetation fraction, and potential evaporation. The Noah LSM also features
four soil moisture levels, ranging from the surface to 1 meter below the surface, where
precipitation can infiltrate the soil at each of these levels. However, the availability of soil
moisture is determined by the vegetation type. Numerous land use/land cover sensitivity
studies have shown that the Noah LSM realistically represents the processes that occur at
the Earth’s surface (Mahmood et al. 2011; Winchester et al. 2017; Rodgers et al. 2018).
The Dudhia scheme (Dudhia 1989) was used for shortwave radiation physics, and
the RRTM scheme (Mlawer et al. 1997) was used for longwave radiation physics. These
two schemes help to allocate radiative fluxes to the surface, all the while receiving inputs
such as albedo and emissivity from the surface. The radiation calculations by these two
schemes helps calculate the surface energy balance for the model.
The Yonsei University scheme (Hong et al. 2006) was used for the boundary layer
physics. The Yonsei scheme features non-local closure, and conduct calculations such as
diffusion of heat, momentum, and moisture. These calculations require input from the
surface layer such as the variables mentioned before. The Goddard microphysics (Tao et
al. 1989; Tao et al. 2016) scheme was used for the cloud microphysics. The Goddard
scheme is a cloud-scale single moment 6-class scheme. Cloud microphysics schemes
provide non-convective precipitation to the surface and provide cloud effects for the
radiation schemes to handle.
Though only applied to the outermost domain, the Kain-Fritsch cumulus scheme
(Kain 2004) was used to parameterize processes that involve convective clouds. The low
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resolution of the outer domain necessitates a cumulus scheme to resolve the updrafts that
may occur at a sub-grid scale level. A summary of the model physics parameterization
schemes selected for this thesis can be shown in Table 3.1. They, together, allowed for
the model to best represent the atmosphere throughout the period.

Table 3.1: Summary of model physics and configurations for the applications.
Model and Physics Parameterizations
Used
WRF Version

References

Grid Increment

12 km (outer domain), 4 km (inner domain)

Model Simulation Time

06:00Z July 22, 2018 – 06:00Z July 24,
2018

Initial and Boundary Conditions

NARR

Land Use

USGS 24-class +
Ozdogan Irrigation Fraction (Ozdogan et al
2010)

LSM
Vertical Layers

Noah (Chen and Dudhia 2001; Tewari et al
2004)
35

Boundary and Surface Layer

Yonsei (Hong et al 2006)

Cloud Microphysics

Goddard (Tao et al 1989; Tao et al 2016)

Cumulus Parameterization Scheme

Kain-Fritsch (outer domain only) (Kain
2004)

Shortwave Radiation

Dudhia (Dudhia 1989)

Longwave Radiation

RRTM (Mlawer et al 1997)

4.0
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3.3 Summary of Experiments
To better simulate the effects irrigation had on the selected precipitation event
during the GRAINEX field campaign, the Ozdogan Irrigation Fraction dataset (Ozdogan
and Gutman 2008, Ozdogan et al. 2010) was implemented for each of the model runs,
including the control (CTRL). An algorithm was created to adjust agricultural land use
tiles to irrigated agriculture if the irrigation fraction dataset listed a certain tile as having
50% or greater irrigation fraction. This algorithm was applied to all model runs that
comprise this experiment. As noted previously, soil moisture was systematically
increased and decreased from the CTRL data by 5% and up to 15% and -15%,
respectively (Table 3.2). These changes reflect different levels of soil moisture in the
presence and absence of irrigation. After the Ozdogan and Gutman (2008) irrigation
dataset was applied, the converted tiles were subjected to soil moisture increases and
decreases; the changes in soil moisture applied to all depths. A summary of all the model
simulations is shown in Table 3.2. Another simulation was done to simulate the impacts
if the irrigation was replaced with grassland to simulate pre-irrigation land use and its
impacts.
Table 3.2: Summary of model simulations.
Experiment Name
CTRL
WET05
WET10
WET15
DRY05
DRY10
DRY15
GRASS

Irrigation/Soil
Moisture Sensitivity
None
+5%
+10%
+15%
-5%
-10%
-15%
None
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After application of the Ozdogan algorithm, the land use of the inner domain
(entire state of Nebraska) is mainly grassland (36.07%), followed by rainfed agriculture
(33.81%). Irrigated agriculture was at 16.77%, and cropland/grassland mosaic was at
11.95%. However, it is also clear from Figure 1.1 that the presence of irrigation is quite
prevalent in southeastern Nebraska and there exists a distinct land use boundary between
irrigated and non-irrigated land uses. To further understand the influence of irrigated and
non-irrigated uses, two different areas have been selected for detailed analysis which
represent irrigated and non-irrigated land use (Figure 3.3).

Figure 3.3: Map of GRAINEX areas with delineations of areas for gathering statistics.

3.4 Model Verifications
The control simulation shows a line of storms in the north that initiated over the
irrigated cropland. When it started to close in on the non-irrigated side, this line of storms
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started to weaken and dissipate. Reflectivity precipitation values for the event was
concentrated on the irrigated side, with an average value of 0.88 mm. For the nonirrigated side, averages were 0.002 mm, which could be considered as a trace of
precipitation. In other words, the irrigated side received 0.878 mm more precipitation
than the non-irrigated side (Table 4.1). The precipitation was overall light for the study
area, but some areas received larger totals.
To ensure that the model simulation of precipitation was satisfactory, model
reflectivity was compared to the observed reflectivity of the DOW sites (Figure 3.4a-b).
For example, Figure 3.4a shows the model’s reflectivity and it indicates that the model
performance was satisfactory compared to the observed reflectivity of the DOW 6
(Figure 3.4b). However, the model reflectivity showed this signature around an hour and
a half later, at 1500 UTC. The model reflectivity also has a slight locational lag. In
addition, the model slightly underestimated the reflectivity, and thus, the intensity of
rainfall.
a)

b)

Figure 3.4: Comparisons of reflectivity with: a) the model reflectivity at 1500 UTC and
b) the DOW 6 reflectivity at 1330 UTC. The dots on a) represent the location of the
DOWs.
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Further assessment of the performance was conducted by comparing data from
the model simulations and the Integrated Surface Flux System (ISFS) stations that were
deployed during the GRAINEX field campaign. These stations were distributed among
both irrigated and rainfed cropland, with six sites deployed in the irrigated area, and six
sites deployed in the rainfed area. The ISFS stations observed variables such as air
temperature, dew point temperatures, sensible heat fluxes, and latent heat fluxes.
Observations for these variables were compared to the modeled estimates. Three
statistical measurements were used to determine how well the model represented the
atmosphere: the coefficient of determination (r2), the root mean square error (RMSE), and
the mean absolute error (MAE). Table 3.3 shows these statistics for 2 m air temperatures,
2 m dew point temperatures, sensible heat fluxes, and latent heat fluxes. The model
performed well in reproducing 2 m air temperatures (Table 3.3) and reported high r2
values up to 0.97 and RMSE and MAE values as low as 1.33 and 1.09 °C, respectively.
However, performance for 2 m dew point temperatures was not as satisfactory (Table
3.3). The highest r2 value reported was 0.16, and the RMSE and MAE were reported as
low as 3.77 and 3.15 °C, respectively.
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Table 3.3: Model verification statistics, comparing to 5-minute ISFS station data.
Ta (°C)

Station
1
2.61

Station
2
2.17

Station
3
2.20

Station
4
2.19

Station
5
2.12

Station
6
1.39

Station
7
1.65

Station
8
1.33

Station
9
2.31

Station
10
2.19

Station
11
2.11

Station
12
2.13

0.60

0.71

0.74

0.75

0.77

0.92

0.84

0.94

0.86

0.92

0.89

0.97

MAE
(°C)
Td (°C)

2.20

1.96

1.82

1.81

1.83

1.15

1.37

1.09

2.17

1.88

1.89

1.83

RMSE
(°C)
r2

4.62

5.05

5.18

5.11

5.83

5.27

3.77

3.92

3.89

4.003

4.43

4.61

0.018

0.012

0.004

0.00014

0.035

0.076

0.036

0.039

0.014

0.078

0.16

MAE
(°C)
H
(W m-2)
RMSE
(W m-2)
r2

3.89

4.97E06
4.29

4.56

4.47

5.18

4.69

3.15

3.36

3.42

3.48

3.84

3.97

44.81

97.44

69.36

88.59

92.11

79.88

67.43

95.83

146.94

172.01

85.16

173.42

0.75

0.92

0.63

0.27

0.30

0.80

0.66

0.49

0.78

0.66

0.93

0.82

MAE
(W m-2)
LE
(W m-2)
RMSE
(W m-2)
r2

29.01

62.80

46.08

56.72

57.33

53.58

45.96

53.04

87.64

100.33

57.36

107.57

75.39

50.86

74.95

79.61

67.57

45.54

82.94

87.84

63.92

101.37

53.07

98.80

0.82

0.42

0.78

0.71

0.77

0.92

0.67

0.63

0.87

0.88

0.95

0.88

MAE
(W m-2)

47.28

29.62

37.86

38.51

35.91

30.60

52.29

58.17

42.48

66.68

35.69

67.20

RMSE
(°C)
r2

Statistics show that the model reproduced latent heat flux better than sensible heat
flux for both irrigated and rainfed agriculture. Sensible heat flux had r2 values as high as
0.93 and RMSE and MAE values as low as 44.81 and 29.01 W m-2, respectively.
However, these values reached as high as 173.42 and 107.57 W m-2, respectively. Latent
heat flux had r2 values a high as 0.95 and RMSE and MAE values as low as 50.86 and
29.62 W m-2, respectively. Though r2 values for both fluxes were similar, the RMSE and
MAE values were considerably higher for sensible heat flux. Figure 3.5 shows the daily
trends of modeled and observed values of sensible and latent heat flux, respectively, for a
station placed over irrigated cropland (Station 1) and a station placed over non-irrigated
cropland (Station 11). The comparisons with other stations can be viewed in the
Appendix (Figure A.1). The model overestimated sensible heat fluxes for irrigated
cropland and overestimated them over non-irrigated cropland. On the other hand, latent
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heat fluxes were underestimated over irrigated cropland, and underestimated over nonirrigated cropland.
a)

b)

Figure 3.5: Model estimates vs. observed values of sensible heat flux (left) and latent heat
flux (right) for: a) a station over irrigated cropland, and b) a station over non-irrigated
cropland.
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Lastly, we have compared modeled and radiosonde observations during the
GRAINEX field campaign. WRF can allow for user to select a pair of coordinates and
can provide a sounding at that select point. This allows for comparisons to be made
easily. Figure 3.6 compares the 0000 UTC 23 July 2018 soundings from both the model
and the ISS observations from the York Airport site and the Rogers Farm site. At a first
glance, these profiles appear to relate well with each other, but the model soundings have
slightly warmer air temperatures. Near surface dew point temperature profiles are drier
for the models than the observations. However, the pattern of temperature and dew point
temperature changes with the height between modeled and observed data are generally
comparable.
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a)

b)

Figure 3.6: Comparison of model soundings (left) to observed soundings (right) for: a)
York Airport (ISS 3) and b) Rogers Farm (ISS 2) at 0000 UTC 23 July 2018.

Based on these assessments, we concluded that overall, model performance was
acceptable for this analysis.
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Chapter 4
Results & Discussion
This chapter will discuss impacts of the three land use types: irrigated agriculture,
non-irrigated agriculture, and grassland, in this order. The discussion on both the irrigated
land-use and the grassland land-use are presented as EXP-CTRL. As noted previously,
the model simulations were conducted for 48 hours, with the first 24-hour as dynamic
adjustment or initialization period. Hence, the results will focus on the second 24-hour
period, from 0600 UTC 23 July 2018 to 0600 UTC 24 July 2018, which covers the day in
which the precipitation occurs.
4.1 Irrigated Land-Use
4.1.1 Precipitation
This section will discuss the changes made to both reflectivity and precipitation.
Figure 4.1a-f shows the changes in simulated radar reflectivity at 1500 UTC. Although
the WET experiments show scattered thunderstorms, there are fewer storms that appear
overall (Figure 4.1a-c). Also note that the intensity of the storm, which is the focus of
Figure 3.4a, decreased with the WET experiments. The DRY experiments show more
isolated cells appearing at 1500 UTC (Figure 4.1d-f). This is especially applicable with
the DRY10 simulation (Figure 4.1e).
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a)

b)

27

c)

d)

28

e)

f)

Figure 4.1: EXP – CTRL plots of reflectivity (dBZ) with EXP winds at 1500 UTC for: a)
WET05, b) WET10, c) WET15, d) DRY05, e) DRY10, f) DRY15.
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Table 4.1: Modeled planetary boundary layer variables for irrigated, non-irrigated, and
grassland areas.
Irrigated

Statistic

Ta2 (C)

Td2 (C)

θe (K)

H (Wm-2)

CTRL

Max
Min
Mean

32.68
16.39
23.56

19.65
9.5
15.92

346
324
336

WET05

Max
Min
Mean

32.45
16.54
23.31

20.04
9.41
16.21

WET10

Max
Min
Mean

32.4
16.47
23.18

WET15

Max
Min
Mean

DRY05

PBLH
(m)
1977
0
535

p (mm)

490
-41
66

LE
(Wm-2)
426
-18
88

347
327
336

493
-42
55

452
-18
100

1687
0
486

7.2
T
0.75

20.37
10.24
16.55

347
327
337

493
-42
50

492
-18
104

1926
0
453

6.01
T
0.53

32.17
16.25
23.19

20.63
9.55
16.65

348
327
336

494
-43
48

525
-18
113

1937
0
469

6.54
T
0.25

Max
Min
Mean

34.5
15.89
24.23

19.54
8.78
15.2

346
325
335

526
-44
102

439
-21
40

2198
0
625

4.54
0
0.22

DRY10

Max
Min
Mean

34.81
14.86
24.04

19.4
8.64
15.01

346
322
335

546
-50
108

461
-27
28

2516
0
640

0.99
0
0.13

DRY15

Max
Min
Mean

34.78
14.84
24

19.4
9.09
14.9

345
325
335

544
-51
111

465
-28
29

2537
0
653

5.65
0
0.53

Max
Min
Mean

33.84
15.36
24.25

19.44
8.55
15.90

344
326
335

513
-45
99

361
-20
56

1982
0
634

0.20
0
0.002

Max
Min
Mean

32.7
16.45
23.56

19.84
10.37
16.15

347
327
336

486
-42
67

422
-18
77

1706
0
517

12.55
0.0003
3.22

NonIrrigated
CTRL

8.39
T
0.88

Grassland
GRASS

Abbreviations are as follows: Ta2 = 2 m air temperature, Td2 = 2 m dew point
temperature, θe = equivalent potential temperature, H = sensible heat flux, LE = latent
heat flux, PBLH = planetary boundary layer height, and p = precipitation.

Precipitation totals appear to be sensitive to changes in soil moisture. Table 4.1
shows the maximum, minimum, and mean modeled estimates for precipitation. Average
precipitation for the WET experiments were 0.75, 0.53, and 0.25 mm (a 0.13, 0.35, and
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0.63 mm decrease compared to CTRL) for the WET05, WET10, and WET15
simulations, respectively. Average precipitation for the DRY experiments were 0.22,
0.13, and 0.53 mm (a 0.66, 0.75, and 0.35 mm decrease compared to CTRL) for the
DRY05, DRY10, and DRY15 simulations, respectively. Regardless of whether soil
moisture increased or decreased, precipitation mainly decreased. However, precipitation
showed greater decreases when soil moisture was lowered compared to when it was
increased.
4.1.2 Latent Heat Fluxes
Latent and sensible heat flux play an important role in development of convection
(Mahmood et al. 2011, Sen Roy et al. 2011, Suarez et al. 2014, Winchester et al. 2017,
Rodgers et al. 2018). Impacts on latent heat flux due to irrigation and resultant changes to
soil moisture are clear (Figure 4.2a-f). With increases (decreases) in irrigation and soil
moisture resulted in increases (decreases) in latent heat flux. For example, in the vicinity
of precipitation and compared to control, latent heat flux increased up to about 50, 100,
and 150 W m-2 for the WET05, WET10, and WET15, respectively (Figure 4.2a-c). For
DRY simulations, latent heat flux declined up to 50 W m-2 (Figure 4.2d-f). Thus, the
WET experiments mainly show increases in latent heat flux at 1500 UTC. The DRY
experiments show decreases to latent heat flux at 1500 UTC.
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a)

b)

32

c)

d)

33

e)

f)

Figure 4.2: EXP-CTRL latent heat flux (W m-2) at 1500 UTC for: a) WET05, b) WET10,
c) WET15, d) DRY05, e) DRY10, and f) DRY15.

Average latent heat fluxes decreased by 48, 60, and 59 W m-2 for the DRY05,
DRY10, and DRY15 simulations, respectively (Table 4.1). Average values of latent heat
flux for the WET experiments were at 100, 104, and 113 W m-2 for the WET05, WET10,
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and WET15 simulations, respectively. Thus, average latent heat fluxes increased by 12,
16, and 25 W m-2 for the WET05, WET10, and WET15 simulations, respectively (Table
4). This increase also means that, compared to CTRL, latent heat flux could increase up
to 28% over irrigated cropland due to increased irrigation (Table 4.1). Average latent heat
flux values for the DRY simulations were at 40, 28, and 29 W m-2 for the DRY05,
DRY10, and DRY15 simulations (48, 60, and 59 W m-2 decrease, compared to CTRL),
respectively. In other words, compared to CTRL, this means that latent heat flux was
decreased by up to around 67% when irrigation was removed (Table 4.1).

4.1.3 Sensible Heat Fluxes
Changes to irrigation and soil moisture have an opposite effect with sensible heat
flux, where soil moisture increase (decrease) resulted in decreased (increased) sensible
heat flux. For WET05, WET10, and WET15 simulations and compared to CTRL,
sensible heat flux declined from 50 to 100 W m-2 in the vicinity of precipitation (Figure
4.3a-c) On the other hand, sensible heat flux increased >200 W m-2 for DRY simulations
and in the vicinity of precipitation (Figure 4.3d-f). In short, the WET experiments show
decrease in sensible heat flux at 1500 UTC. The DRY experiments show increase in
sensible heat flux at 1500 UTC.
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a)

b)

36

c)

d)

37

e)

f)

Figure 4.3: EXP-CTRL sensible heat flux (W m-2) at 1500 UTC for: a) WET05, b)
WET10, c) WET15, d) DRY05, e) DRY10, and f) DRY15.

Average sensible heat flux values for the WET experiments were at 55, 50, and 48
W m-2. Thus, compared to CTRL, average sensible heat flux decreased by 11, 16, 18
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W m-2 for the WET05, WET10, and WET15, respectively (Table 4.1). In other words,
this means that average sensible heat flux can decrease by up to 27% when compared to
CTRL (Table 4.1). Average sensible heat flux values for the DRY experiments were at
102, 108, 111 W m-2 for the DRY05, DRY10, and DRY15 simulations, respectively.
Hence, sensible heat flux increased by 36, 42, and 45 W m-2 for the DRY05, DRY10, and
DRY15 simulations, respectively (Table 4.1). In other words, compared to CTRL, this
means that average sensible het flux increased by up to 68% when irrigation was
removed (Table 4.1).

4.1.4 Planetary Boundary Layer Heights
Irrigation and resultant changes to soil moisture can also influence the planetary
boundary layer (Quintanar et al. 2008, Mahmood et al. 2011, Leeper et al. 2011, Suarez
et al. 2014). It is found that that more irrigation, represented by increased soil moisture,
decreases planetary boundary layer height (PBLH), and vice versa with less irrigation.
Irrigated areas will have shallower planetary boundary layers than their non-irrigated
counterparts (Figure 4.4). The WET experiments had average PBLH values at 486, 453,
and 469 m (a 49, 82, and 66 m difference compared to CTRL) for the WET05, WET10,
and WET15 simulations, respectively. This would make strengthening irrigation reduce
PBLH by up to 16% compared to CTRL (Table 4.1). The DRY experiments had average
PBLH values at 625, 640, and 653 m (a 90, 105, and 118 m difference compared to
CTRL) for the DRY05, DRY10, and DRY15 simulations, respectively (Table 4.1).
Removing irrigation resulted in up to a 22% increase in PBLH compared to CTRL (Table
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4.1). We suggest that higher latent (sensible) heat flux over irrigated (non-irrigated) areas
limited (helped increase) the growth of PBLH.

Figure 4.4: Hourly average planetary boundary heights (in meters) on 23 July 2018.

4.1.5 Equivalent Potential Temperature
It was found that equivalent potential temperatures mainly had a positive response
to soil moisture changes (Figure 4.5). The WET experiments showed increases up to 4 K
in equivalent potential temperatures at 1500 UTC in the vicinity of the precipitation
(Figure 4.5a-c). Equivalent potential temperatures steadily increased with increased
irrigation and soil moisture. On the other hand, the DRY experiments showed decreases
up to 3 K in equivalent potential temperatures at 1500 UTC (Figure 4.5d-f). The
increased moisture content linked to irrigation appeared to be a contributing factor to the
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increased equivalent potential temperatures. However, irrigation’s contributions to
equivalent potential temperatures appear to be more complex.
a)

b)
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c)

d)

42

e)

f)

Figure 4.5: EXP-CTRL equivalent potential temperatures (K) at 1500 UTC for: a)
WET05, b) WET10, c) WET15, d) DRY05, e) DRY10, and f) DRY15.

It was also found that average equivalent potential temperatures increased by 1 K
for the WET experiments, and they decreased by 1 K for the DRY experiments (Table
4.1). Figure 4.6 shows the hourly averages of equivalent potential temperatures for all
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simulations. For the late afternoon hours, it was found that hourly equivalent potential
temperatures in the DRY experiments were higher than equivalent potential temperatures
in the WET experiments. The opposite was true for the late morning hours, where it was
found that equivalent potential temperatures were higher over the WET. The changes in
equivalent potential temperatures due to changes in soil moisture serve to highlight the
complexity of irrigation’s impacts on equivalent potential temperatures.

Figure 4.6: Average hourly equivalent potential temperatures for all simulations.
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a)

b)

45

c)

d)

46

e)

47

f)

Figure 4.7: EXP-CTRL equivalent potential temperatures from a vertical cross section at
1500 UTC 23 July 2018 with EXP winds for: a) WET05, b) WET10, c) WET15, d)
DRY05, e) DRY10, and f) DRY15. Arrows delineate irrigated (blue arrow) and nonirrigated (red arrow) land.

Figure 4.7 shows the comparisons of the cross section of equivalent potential
temperatures. This cross section was taken at 41° latitude and included a significant
portion of the irrigated and non-irrigated cropland. The cross section was taken from the
surface to 700 mb. Compared to CTRL, the WET experiments show cooler and drier
atmosphere aloft but a warmer and wetter surface for the irrigated area (Figure 4.7a-c;
western side of cross section). The opposite is true for the DRY simulations, where there
is warmer and wetter air aloft and cooler and drier air at the surface compared to CTRL
(Figure 4.7d-f; western side of cross section).
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4.1.6 Winds
Figure 4.1a-f also shows the 10 m above ground level (AGL) wind vectors at
1500 UTC of the experiment simulations and winds from the north dominated. When
precipitation came into play, wind directions were changed. Winds to the west of the
precipitation changed with the arrival of the cold front. For most of the experiments,
arrival of the cold front resulted in shifting of the winds from north to east or southeast
(Figure 4.1a-f). On some occasions, winds often diverged from where the precipitation
was located such as for the DRY05 simulation (Figure 4.1d).
Figure 4.7a-f shows wind vectors for a cross-section taken from the surface up to
700 mb for each of the experimental simulations. Clockwise circulations can be seen in
each of the simulations. Winds at the surface are mainly from the west except when the
cold front arrived, which changed them to be from the east. These easterly winds
intensified with height, up to 750 mb, where the winds start to change to west. The places
where the front is located at the surface show diverging winds. Changes to the magnitude
and location of these circulations are negligible for each of these circulations. Plots on
winds 850, 700, 500, and 300 mb can be viewed in the Appendix (Figure A.6, A.7, A.8,
A.9).
4.1.7 Air Temperatures
Figure 4.8 shows the hourly average 2 m air temperatures for each of the
simulations. The changes to the surface energy balance are mainly responsible for the
changes in these temperatures. When changes to the surface energy balance favor
increased latent heat flux over sensible heat flux, air temperatures decrease, as found with
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the WET experiments. The opposite is true for the DRY experiments, where air
temperatures decreased due to higher sensible heat fluxes compared to latent heat fluxes.
Compared to CTRL, average 2 m air temperatures decreased by 0.25, 0.38, and 0.37 °C
for the WET05, WET10, and WET15 simulations, respectively (Table 4.1). Average 2 m
air temperatures increased by 0.67, 0.48, and 0.44 °C for the DRY05, DRY10, and
DRY15 simulations, respectively (Table 4.1).

Figure 4.8: Hourly average 2 m air temperatures.

Maximum air temperatures for the WET experiments are at 32.45, 32.4, and 32.17
°C (a 0.23, 0.28, and 0.51 °C decrease compared to CTRL) for the WET05, WET10, and
WET15 simulations, respectively (Table 4.1). Maximum air temperatures for the DRY
experiments are at 34.5, 34.81, and 34.78 °C (a 1.82, 2.13, and 2.1 °C increase compared
to CTRL) for the DRY05, DRY10, and DRY15 simulations, respectively. These
differences are, again, due to different energy partitions, where over the irrigated land
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cover, latent heat flux dominated and over non-irrigated land use, sensible heat flux
dominates. Thus, the added moisture introduced by irrigation reduced maximum air
temperatures.

4.1.8 Dew Point Temperatures
With increased irrigation, it was found that the WET experiments produced
higher dew point temperatures than the DRY experiments (Figure 4.9). These differences
were further amplified in the afternoon hours. When the surface energy balance is
dominated by latent heat flux due to irrigation, dew point temperatures increased. The
opposite is true when the surface energy balance changes to favor sensible heat flux when
irrigation is limited. Compared to CTRL, average 2 m dew point temperatures increased
by 0.29, 0.63, and 0.73 °C for the WET05, WET10, and WET15 simulations, respectively
(Table 4.1). In addition, compared to CTRL, average 2 m dew point temperatures have
decreased by 0.72, 0.91, and 1.02 °C for the DRY05, DRY10, and DRY15 simulations,
respectively (Table 4.1).
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Figure 4.9: Hourly average 2 m dew point temperatures.

Maximum dew point temperatures for the WET experiments are at 20.04, 20.37,
and 20.63 °C (a 0.39, 0.72, and 0.98 °C increase compared to CTRL) for the WET05,
WET10, and WET15 simulations, respectively. Maximum dew points temperatures for
the DRY experiments are 19.54, 19.4, and 19.4 °C (a 0.11, 0.25, and 0.25 °C decrease
compared to CTRL) for the DRY05, DRY10, and DRY15 simulations, respectively.
Maximum dew point temperatures for the WET experiments are at 20.04, 20.37, and
20.63 °C (a 0.39, 0.72, and 0.98 °C increase compared to CTRL) for the WET05,
WET10, and WET15 simulations, respectively. Maximum dew point temperatures for the
DRY experiments are at 19.54, 19.4, and 19.4 °C (a 0.11, 0.25, and 0.25 °C decrease
compared to CTRL) for the DRY05, DRY10, and DRY15 simulations, respectively.
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4.2 Non-Irrigated Area
Precipitation largely occurred over irrigated areas and since detailed discussions
on precipitation and related wind fields are provided in the previous sections, additional
assessment is not provided here for these two variables.
4.2.1 Latent Heat Fluxes
Figure 4.10 shows the control simulation (also includes non-irrigated land use)
latent heat flux at 1500 UTC. In the middle of the morning, there appeared to be small
differences in latent heat fluxes between the irrigated and non-irrigated cropland, but
these differences are more apparent in the afternoon hours, as shown in Figure 4.11. The
highest magnitude of difference in hourly mean latent heat fluxes was 107 W m-2 at 1800
UTC. Latent heat flux is higher in the western portion of the study area for the rest of the
analysis period. An exception is the evening hours where heat fluxes are at a minimum
for both irrigated and non-irrigated land uses.

53

Figure 4.10: CTRL simulation latent heat flux (W m-2) at 1500 UTC.

Average latent heat fluxes over the non-irrigated and irrigated areas were 56
W m-2 and 88 W m-2, respectively (Table 4.1). In other words, the difference in average
latent heat flux between irrigated and non-irrigated cropland is 32 W m-2 (Table 4.1).
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Figure 4.11: Hourly averages of latent heat flux for all simulations on 23 July 2018.
4.2.2 Sensible Heat Fluxes
Sensible heat fluxes over the non-irrigated cropland were higher than over the
irrigated cropland at 1500 UTC (Figure 4.12). Sensible heat fluxes were higher over nonirrigated cropland in the morning and early afternoon hours, with the highest difference
taking place at 1800 UTC with a difference of 77 W m-2 (Figure 4.13).
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Figure 4.12: CTRL simulation sensible heat flux (W m-2) at 1500 UTC.

Average sensible heat flux over the non-irrigated use was 66 W m-2, and average
sensible heat flux over the non-irrigated cropland was 99 W m-2 (a 33 W m-2 difference)
(Table 4.1). Compared to the irrigated cropland, the non-irrigated area had up to 50%
higher sensible heat flux.
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Figure 4.13: Hourly averages of sensible heat flux for all simulations on 23 July 2018.
4.2.3 Planetary Boundary Layer Heights
The non-irrigated and irrigated land use had PBLH of 753 m and 322 m (a 430 m
difference), respectively at 1500 UTC (Figure 4.4). The highest difference in PBLH
between irrigated and non-irrigated land was at 1700 UTC was at 540 m (Figure 4.4). It is
found that average PBLH over non-irrigated land and over irrigated land were 634 m and
535 m, respectively (Table 4.1). In other words, PBLH was 99 m higher over nonirrigated land use.
4.2.4 Equivalent Potential Temperatures
Equivalent potential temperature (θe) allows for measurements of the moist static
energy (Mahmood and Pielke 2017). Warmer and wetter air masses will have higher
equivalent potential temperatures compared to cooler and drier air masses, which can
have lower equivalent potential temperatures. If latent heat fluxes and dew point
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temperatures are higher at irrigated cropland than at non-irrigated cropland, then
equivalent potential temperatures could be higher over irrigated cropland than nonirrigated cropland. Figure 4.14 shows the control simulation equivalent potential
temperatures at 1500 UTC. Equivalent potential temperatures were higher before the
convection/precipitation entered the area than when the precipitation was occurring. The
highest differences (2 K) between the irrigated and non-irrigated lands were found around
1800 UTC (Figure 4.6).

Figure 4.14: CTRL simulation equivalent potential temperatures (K) at 1500 UTC.

Average equivalent potential temperatures over non-irrigated land was at 335 K,
and the average equivalent potential temperatures over irrigated land was at 336 K (a 1 K
difference). We suggest that since the irrigated land had higher equivalent potential
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temperatures than the non-irrigated land, it was more conducive for convective initiation
than the non-irrigated land.

Figure 4.15: CTRL simulation equivalent potential temperature cross-section at 1500
UTC. Circled in is a circulation from 850 mb to 700mb and a diverging wind pattern
associated with the precipitation. Arrows delineate irrigated (blue arrow) and nonirrigated (red arrow) land.

A cross-section of equivalent potential temperatures along with vertical wind
vectors at 1500 UTC suggest descending motion and diverging winds in the areas of
falling precipitation (Figure 4.15). A possibly warm and moist air mass could be entering
the cross section over the irrigated area since there are higher equivalent potential
temperatures present and moving eastward. A cooler and drier air mass can be located
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above the non-irrigated side of the cross section, indicating possible instability over that
area going into the day.
4.2.5 Air Temperatures
The air temperatures over irrigated cropland were lower than over non-irrigated
cropland, (Figure 4.8). Mean 2 m air temperatures over non-irrigated and irrigated land
uses were 25.21 °C and 22.43 °C (a 2.99 °C difference), respectively, at 1500 UTC.
Average maximum air temperatures over non-irrigated and irrigated land uses were 33.84
°C and 32.68 °C (a 0.69 °C difference), respectively (Table 4.1).
4.2.6 Dew Point Temperatures
Hourly average dew point temperatures over non-irrigated cropland were higher
during the early morning hours than over irrigated cropland (when no additional
irrigation water was applied, i.e., WET05, WET10, and WET15) (Figure 4.9). At 1500
UTC, dew point temperatures were 0.33 °C higher over irrigated cropland than over nonirrigated cropland. In addition, the highest differences between the hourly average dew
point temperatures between the non-irrigated and irrigated land uses can be found in the
afternoon hours, at 1700 UTC, where dew point temperatures were 1.68 °C higher over
irrigated land than in non-irrigated land use (Table 4.1).
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4.3 Grassland Land Use
4.3.1 Precipitation
Section 4.3 will discuss the impacts of replacing the irrigation with grassland, to
simulate what would happen in a time before the mass expansion of irrigation. Therefore,
the irrigated cropland had been replaced by grassland with no changes to soil moisture
(i.e., CTRL soil moisture). The simulation shows large increases in reflectivity compared
to CTRL at 1500 UTC (Figure 4.16).

Figure 4.16: GRASS-CTRL reflectivity (dBZ) and GRASS 10 m winds at 1500 UTC.

Average precipitation over grassland was at 3.22 mm, and average precipitation
over the now removed irrigation cropland was 0.88 mm (a 2.34 mm difference). In other
words, the grassland had 366% more precipitation compared to irrigated agriculture
(Table 4.1). The difference in precipitation between the GRASS simulation and the
WET/DRY simulation is also very large. For example, the GRASS simulation increased
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average precipitation by 1288% compared to the WET15 scenario, which had an average
precipitation of 0.25 mm (Table 4.1). On the other hand, for the DRY15 scenario, which
has an average precipitation of 0.53 mm (Table 4.1), the GRASS simulation increased
average precipitation by 608%.
4.3.2 Latent Heat Fluxes
Impacts of land use changes to grassland were investigated in several modeling
studies (Mahmood et al. 2011, Winchester et al. 2017, Rodgers et al. 2018). Unlike these
modeling studies, where the dominant land use types were forests and grassland, the
dominant land use types in this study, which focused on Nebraska, were irrigated and
non-irrigated agriculture. Thus, it would be of interest to analyze changes in the surface
energy balance, mainly latent and sensible heat flux for grass land use. Figure 4.17 shows
the GRASS – CTRL comparisons for latent heat flux at 1500 UTC. There appears to be
decreased latent heat flux where the storms were present and increased latent heat fluxes
before the storms arrived. At 1500 UTC, grasslands had around 4 W m-2 less hourly
average latent heat flux than irrigated cropland and around 12 W m-2 less than nonirrigated cropland (Figure 4.11).
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Figure 4.17: GRASS – CTRL latent heat flux (W m-2) at 1500 UTC.

Average latent heat flux over grassland was 77 W m-2, which was 11 W m-2 less
than irrigated cropland (Table 4.1). Compared to the non-irrigated cropland, latent heat
flux was 21 W m-2 higher over grasslands. In other words, the grassland reported 12.5%
less latent heat flux than irrigated cropland and 27% more latent heat flux compared to
non-irrigated cropland. Compared to the WET15 simulation, which reported an average
latent heat flux of 113 W m-2, it decreased by 32% for grasslands. Compared to the
DRY15 simulation, which reported an average latent heat flux of 29 W m-2, it (latent heat
flux) was 265% higher over grasslands (Table 4.1).
4.3.3 Sensible Heat Fluxes
Much like the latent heat flux at 1500 UTC, sensible heat flux was higher before
the storm entered the area and were lower while the storm was in the area (Figure 4.18).
The grassland area had hourly average sensible heat flux that were 6 W m-2 higher than
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the irrigated cropland at 1500 UTC. Compared to the non-irrigated cropland, hourly
average sensible heat flux was 108 W m-2 lower at 1500 UTC (Table 4.1). The highest
difference in hourly average sensible heat flux was at 1700 UTC, where the grassland had
92 W m-2 less sensible heat flux than irrigated cropland, but in the afternoon hours, this
has changed when grasslands had hourly average sensible heat fluxes 30 W m-2 higher
than irrigated cropland at 2100 UTC (Figure 4.13).

Figure 4.18: GRASS – CTRL sensible heat flux (W m-2) at 1500 UTC.

It is found that the average sensible heat flux over grassland was 67 W m-2
(1 W m-2 higher than over irrigated cropland, which reported an average sensible heat
flux of 66 W m-2) (Table 4.1). Compared to non-irrigated cropland, grassland reported
average sensible heat flux values that were 32 W m-2 lower. In other words, average
sensible heat fluxes over non-irrigated cropland were 47% higher than over grasslands
(Table 4.1). Compared to the WET15 simulation, the grasslands reported 40% more
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average sensible heat flux. Compared to the DRY15 simulation, the grassland noted 66%
less sensible heat flux. Grasslands also had lower sensible heat fluxes than the nonirrigated cropland.
4.3.4 Planetary Boundary Layer Heights
It is found that planetary boundary layer was shallower, and height was lower
over grassland compared to over irrigated cropland in the late morning and early
afternoon hours (Figure 4.4). At 1500 UTC, hourly average PBLH were 81 m deeper
over grassland than over irrigated cropland while 349 m shallower compared to over nonirrigated land use (Figure 4.4). The highest difference in these heights were found at 1900
UTC (1700 UTC), where PBLH over grassland was 373 (832) m shallower than in
irrigated (non-irrigated) cropland (Figure 4.4). Average PLBH over grassland was 517 m,
which is 18 (117) m shallower than irrigated (non-irrigated) cropland (Table 4.1). In
addition, compared to the WET15 (DRY15) simulation, average PBLH over grassland
was 48 (136) m deeper (shallower) (Table 4.1).
4.3.5 Equivalent Potential Temperatures
Equivalent potential temperatures were higher before the precipitation arrived and
were lower during and shortly after the precipitation arrived at 1500 UTC (Figure 4.19).
Hourly average equivalent potential temperatures at 1500 UTC were negligibly different
between the grassland area and the irrigated cropland area. However, hourly average
equivalent potential temperatures were around 0.5 K lower than over non-irrigated
cropland at 1500 UTC (Figure 4.6). The highest differences in equivalent potential
temperatures occurred at 0000 UTC (0400 UTC) 24 July 2018, where equivalent
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potential temperatures over grassland were 3.8 (4) K higher than over irrigated (nonirrigated) cropland (Figure 4.6).

Figure 4.19: GRASS – CTRL equivalent potential temperatures (K) at 1500 UTC.
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Figure 4.20: GRASS - CTRL comparison of equivalent potential temperature cross
section at 1500 UTC. Arrows delineate grassland (green arrow) and non-irrigated (red
arrow) land.
Figure 4.20 shows a cooler air around 750 mb in the grassland side of the cross
section, but there is a much cooler air mass in the non-irrigated cropland side of the cross
section at 1500 UTC. Between 850 and 900 mb, warmer air dominates on the grassland
side. This implies that the non-irrigated side was more unstable than the grassland side at
1500 UTC, which could be a contributing factor for convection to occur over the nonirrigated cropland.
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4.3.6 Winds
Figure 4.16 also shows the GRASS simulation winds 10 m above ground level
(AGL) at 1500 UTC. The winds remain relatively unchanged on the eastern side where
there are still northerly winds. However, with the increased presence and organization of
precipitation, the outflow winds from the storms have a higher presence and comes from
the northwest. Winds after the cold front pass are from the east and southeast, like the
CTRL simulation as well. Figure 4.20 shows the cross-sections winds for the GRASS
experiment from the surface up to 700 mb. A well-defined circulation is established,
where the winds from 850 mb to the surface are westerly, and the winds at 800 mb and
above are easterly. The control simulation, however, had the westward winds between
850 mb and 800 mb, and had eastward winds from 750 mb to 700 mb at 1500 UTC
(Figure 4.16).
4.3.7 Air Temperatures
Hourly average air temperatures were 0.28 (2.5) °C higher (lower) over grassland
than over irrigated (non-irrigated) cropland at 1500 UTC (Figure 4.8). The grassland area
had lower air temperatures than the irrigated cropland, with differences reaching up to
1.41 °C higher over irrigated cropland at 1800 UTC, but in the evening hours, grasslands
are warmer by 0.91 °C at around 0200 UTC 24 July 2018 (Figure 4.8). Maximum air
temperatures over grassland were 0.02 (1.14) °C higher (lower) than over irrigated (nonirrigated) cropland (Table 4.1). Compared to the WET15 (DRY15) simulation, maximum
air temperatures were 0.53 (2.08) °C higher (lower) over grassland than over irrigated
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(non-irrigated) cropland. This is expected since sensible heat flux over grassland lower
and higher than over non-irrigated and irrigated croplands, respectively.
4.3.8 Dew Point Temperatures
Hourly average dew point temperatures at 1500 UTC were 0.2 (0.11) °C lower
(higher) over grassland than over irrigated (non-irrigated) cropland (Figure 4.9). Hourly
average dew point temperatures over grassland were much higher than irrigated cropland
for a short period of time during late afternoon hours (Figure 4.9). It is found that dew
point temperature was 1.82 °C higher over grassland than in irrigated cropland at 0000
UTC 24 July 2018. This is counterintuitive since latent heat fluxes were lower over
grassland than over irrigated cropland, but other factors can come into play. It is
interesting to point out that the precipitation was significant, and the rainfall could
undergo the process of evaporating again, thereby leading to the higher dew points in the
afternoon hours. Thus, the maximum dew point temperature was 19.84 °C, which is 0.19
(0.40) °C higher than the irrigated (non-irrigated) cropland (Table 4.1). Compared to the
WET15 (DRY15) simulation, the grassland area had 0.79 (0.44) °C lower (higher)
maximum dew point temperatures.

4.4 Discussion
This study investigated the impacts of irrigation and the effects of past land
covers such as grassland on a precipitation event that happened during GRAINEX. Note
that the event occurred during a period when irrigation was at a maximum. Thus,
increasing (decreasing) irrigation via increasing (decreasing) soil moisture is applied to
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simulate the impacts of optimal (limited) irrigation. The grassland simulation was
designed to represent the land use/land cover (LULC) of Nebraska before irrigation.
These simulations were meant to present whether irrigation had a clear impact on
precipitation during this event.
The model simulations demonstrated that changes to irrigation by changing soil
moisture impacted precipitation, surface energy balance, and the planetary boundary
layer. When irrigation increased (decreased), the model simulations reported more latent
(sensible) heat flux. We also suggest that when the surface energy balance favors latent
(sensible) heat flux, radiation partitions will be used to heat up water (stimulate turbulent
transfer). As a result, higher latent (sensible) heat flux will cause PLBH to be shallower
(deeper). Given the results from reflectivity, when irrigation increased (decreased), we
suggest that convection was limited (limited further). Thus, where there was an
environment where higher latent (sensible) heat flux and shallow (deep) planetary
boundary layer are present, greater (less) potential for precipitation is available. We also
suggest that equivalent potential temperatures played a role in where convection could be
possible. Convection appeared to be enhanced (limited) where equivalent potential
temperatures were higher (lower) at the surface and lower (higher) in the upper
atmosphere since the places with higher (lower) equivalent potential temperatures also
had higher (lower) latent heat flux and shallow (deep) PBLH. With all this in mind, it can
be said that irrigation could be a contributing factor to convection during the GRAINEX
on July 23, 2018.
The grassland simulation also demonstrated changes to the surface energy
balance, the planetary boundary layer, and precipitation. However, we can infer from the
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reflectivity simulation that a more organized system passed through, delivering more
precipitation than when irrigation was present. The grassland simulation reported less
sensible (latent) heat flux than non-irrigated (irrigated) agriculture but more (less) than
irrigated agriculture. These results do not coincide well with the literature, which states
that when converting from grassland to agriculture, latent heat fluxes will increase, and
sensible heat fluxes will decrease. Nevertheless, the grassland simulation had shallower
PBL than both irrigated and non-irrigated agriculture. Higher equivalent potential
temperatures were found at the surface and lower in the lower troposphere when
irrigation was present. We suggest that the presence of grassland could create a similar
environment (irrigated agriculture) where potential for convection is enhanced. Soil
moisture was found to be higher over the grassland compared to the non-irrigated
agriculture (Figure A.14). The precipitation occurred over the grassland appeared to
refuel soil moisture in the lower atmospheric layer. Thus, it can be inferred that the
changes in soil moisture due to precipitation over grassland could potentially explain
higher latent heat flux over grassland compared to non-irrigated agriculture.

71

Chapter 5
Conclusions
The extensive agricultural expansion that took place in the Great Plains during the
20th century, and the subsequent introduction of large-scale irrigation in Nebraska during
the post-1945 era was among the most significant examples of LULCC. It raised several
questions regarding how it would affect temperature and precipitation patterns across the
US. Decreases in temperature and increases in moisture content have been observed in
detail with agricultural expansion. However, agriculture’s impacts on precipitation are the
subject of current research and this thesis. It was found that increased moisture content
introduced with agriculture (and irrigation) does not translate to additional precipitation
for the immediate area.
L-A interactions between various land use types have received notable attention,
but there is less understanding of land-air interactions for irrigated and non-irrigated
agriculture. To address this issue, the GRAINEX field campaign was completed. Figure
5.1 summarizes findings from this study.
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Figure 5.1: A conceptual expression of LULCC and its impact on weather and climate.

Many aspects of the mesoscale and regional weather on July 23, 2018, were
changed under various levels of irrigation. Precipitation decreased for both WET and
DRY simulations. For example, the WET15 simulation reported an average precipitation
of 0.25 mm, and the DRY15 simulation reported an average precipitation of 0.53 mm. In
other words, when soil moisture increased (decreased), precipitation decreased by up to
72% (39%) compared to CTRL simulation (which reported average precipitation of 0.88
mm) (Table 4.1). Increases (decreases) in latent (sensible) heat flux were observed when
irrigation was active, and these changes were maximized regardless of whether soil
moisture increased or decreased. Comparing the WET15 (DRY15) to CTRL simulation,
which had reported average latent heat flux of 113 W m-2 (29 W m-2) and 88 W m-2,
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respectively, latent heat flux was 28% (67%) higher (lower). The WET15 (DRY15)
simulation reported average sensible heat flux of 48 W m-2 (111 W m-2) and when
compared to CTRL simulation, which reported average sensible heat flux of 66 W m-2,
the WET15 (DRY15) simulation reported 27% (68%) lower (higher) sensible heat flux
(Table 4.1). Planetary boundary layers over irrigated agriculture were reported to be
shallower and more moist than over non-irrigated agriculture. The WET15, DRY15, and
CTRL simulations reported average PBLH of 469, 653, and 535 m, respectively (Table
4). Irrigation’s impacts on equivalent potential temperatures were complex, but overall,
average equivalent potential temperatures increased (decreased) by 1 K compared to
CTRL (Table 4.1). Again, compared to CTRL, decreases (increases) in maximum 2 m air
temperatures were reported for WET (DRY) simulations. Increases (decreases) in
maximum 2 m dew point temperatures were reported with WET (DRY) simulations. The
GRASS simulation produced noticeably higher precipitation. The GRASS simulation
estimated an average precipitation of 3.22 mm, which is a 366% increase in precipitation
compared to precipitation simulated by CTRL (Table 4.1). Moreover, compared to the
WET15 (DRY15) simulation, average precipitation was 1288% (608%) higher for the
GRASS simulation (Table 4.1). The GRASS simulation reported average latent heat flux
of 77 W m-2 which means that the GRASS simulation reported 12.5% less latent heat flux
than CTRL (Table 4.1). Compared to the WET15 (DRY15) simulation, the GRASS
simulation reported 29% less (265% more) latent heat flux (Table 4). The GRASS
simulation reported an average sensible heat flux of 67 W m-2 (1 W m-2 less than CTRL).
However, when compared to the WET15 (DRY15) simulation, the GRASS simulation
reported 40% more (66% less) sensible heat flux (Table 4.1). The planetary boundary
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layer was found to be shallower and moister than both irrigated and non-irrigated
cropland. The GRASS simulation reported average PBLH of 517 m, which is 18 m
shallower compared to CTRL. Compared to the WET15 (DRY15) simulation, average
PBLH over grassland was reported to be 48 m deeper (136 m shallower) (Table 4.1).
Maximum 2 m air temperatures over grassland were slightly higher (lower) over
grassland than over irrigated (non-irrigated) cropland.
Findings of this study also suggest that additional research should be completed
for other precipitation events that were observed during the GRAINEX. It could be
beneficial to synthesize the findings from each of these events to make a stronger case for
the impacts of irrigation onto the planetary boundary layer and ultimately, convective
precipitation. The results from the experiment can serve as a reminder that there is still a
long way from perfect replication of the effects of LULCC on regional and mesoscale
climates.
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g)

h)
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j)

k)
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l)

Figure A.1 Modeled estimates vs. ISFS observations for sensible heat flux (left) and
latent heat flux (right) for: a) Station 1, b) Station 2, c) Station 3, d) Station 4, e) Station
5, f) Station 6, g) Station 7, h) Station 8, i) Station 9, j) Station 10, k) Station 11, and l)
Station 12.
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a)
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c)

d)
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e)

f)

Figure A.2. EXP – CTRL 850 mb Wind Speed (kts), EXP Wind Vectors, and EXP
Geopotential Heights (m) at 1500 UTC for: a) WET05, b) WET10, c) WET15, d)
DRY05, e) DRY10, and f) DRY15.
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a)

b)

89

c)

d)

90

e)

f)

Figure A.3. EXP – CTRL 700 mb Wind Speed (kts), EXP Wind Vectors, and EXP
Geopotential Heights (m) at 1500 UTC for: a) WET05, b) WET10, c) WET15, d)
DRY05, e) DRY10, and f) DRY15.
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a)

b)
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c)

d)
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e)

f)

Figure A.4. EXP – CTRL 500 mb Wind Speed (kts), EXP Wind Vectors, and EXP
Geopotential Heights (m) at 1500 UTC for: a) WET05, b) WET10, c) WET15, d)
DRY05, e) DRY10, and f) DRY15.
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a)

b)
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c)

d)
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e)

f)

Figure A.5. EXP – CTRL 300 mb Wind Speed (kts), EXP Wind Vectors, and EXP
Geopotential Heights (m) at 1500 UTC for: a) WET05, b) WET10, c) WET15, d)
DRY05, e) DRY10, and f) DRY15.
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Figure A.6. CTRL 850 mb Wind Speed (kts), Wind Vectors, and Geopotential Heights
(m) at 1500 UTC.
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Figure A.7. CTRL 700 mb Wind Speed (kts), Wind Vectors, and Geopotential Heights
(m) at 1500 UTC.
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Figure A.8. CTRL 500 mb Wind Speed (kts), Wind Vectors, and Geopotential Heights
(m) at 1500 UTC.
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Figure A.9. CTRL 300 mb Wind Speed (kts), Wind Vectors, and Geopotential Heights
(m) at 1500 UTC.
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Figure A.10. GRASS - CTRL 850 mb Wind Speed (kts), GRASS Wind Vectors, and
GRASS Geopotential Heights (m) at 1500 UTC.
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Figure A.11. GRASS - CTRL 700 mb Wind Speed (kts), GRASS Wind Vectors, and
GRASS Geopotential Heights (m) at 1500 UTC.
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Figure A.12. GRASS - CTRL 500 mb Wind Speed (kts), GRASS Wind Vectors, and
GRASS Geopotential Heights (m) at 1500 UTC.
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Figure A.13. GRASS - CTRL 300 mb Wind Speed (kts), GRASS Wind Vectors, and
GRASS Geopotential Heights (m) at 1500 UTC.
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a)

b)

Figure A.14. Soil moisture graphs on 23 July 2018 for a) grassland, and b) non-irrigated
cropland.
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Table A.1: Model verification statistics, comparing to 15-minute data.
Ta (°C)

Station
1
2.54

Station
2
2.11

Station
3
2.12

Station
4
2.12

Station
5
2.05

Station
6
1.35

Station
7
1.62

Station
8
1.30

Station
9
2.30

Station
10
2.16

Station
11
2.06

Station
12
2.09

0.62

0.72

0.76

0.76

0.78

0.92

0.85

0.95

0.87

0.92

0.91

0.97

MAE
(°C)
Td (°C)

2.14

1.91

2.20

1.76

1.75

1.11

1.34

1.05

2.16

1.85

1.86

1.81

RMSE
(°C)
r2

4.62

5.03

5.18

5.10

5.87

5.30

3.78

3.93

3.88

4.03

4.43

4.61

0.014

0.0001

0.011

0.004

0.028

0.068

0.042

0.046

0.019

0.086

0.15

MAE
(°C)
H
(W m-2)
RMSE
(W m-2)
r2

3.87

4.28

3.88

4.48

8.88E06
5.22

4.71

3.16

3.37

3.40

3.50

3.84

3.70

46.52

96.34

71.34

86.34

90.11

76.48

66.36

95.42

149.46

172.83

89.19

167.62

0.74

0.46

0.63

0.31

0.35

0.78

0.68

0.52

0.81

0.63

0.90

0.81

MAE
(W m-2)
LE
(W m-2)
RMSE
(W m-2)
r2

29.65

62.25

29.01

54.41

55.31

50.94

45.75

51.64

89.71

100.79

58.46

104.96

82.46

51.27

72.23

92.32

66.72

80.85

81.82

83.39

59.56

99.48

56.67

139.87

0.76

0.94

0.77

0.68

0.75

0.75

0.69

0.65

0.89

0.87

0.90

0.66

MAE
(W m-2)

50.93

33.34

47.28

45.42

39.49

47.66

52.13

55.37

39.60

65.99

38.71

85.62

RMSE
(°C)
r2
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Table A.2: Model verification statistics, comparing to 30-minute data.
Ta (°C)
RMSE
(°C)
r2

Station
1
2.44

Station
2
2.06

Station
3
2.04

Station
4
2.05

Station
5
1.97

Station
6
1.30

Station
7
1.57

Station
8
1.29

Station
9
2.26

Station
10
2.14

Station
11
2.01

Station
12
2.05

0.64

0.74

0.77

0.78

0.80

0.93

0.87

0.95

0.88

0.93

0.92

0.97

MAE
(°C)
Td (°C)

2.06

1.87

1.67

1.71

1.67

1.08

1.29

1.06

2.13

1.83

1.83

1.77

RMSE
(°C)
r2

4.63

5.03

5.18

5.14

5.89

5.29

3.82

3.94

3.90

4.02

4.45

4.63

0.01

0.00

0.00

0.00

0.00

0.02

0.06

0.05

0.05

0.02

0.09

0.16

MAE
(°C)
H
(W m-2)
RMSE
(W m-2)
r2

3.87

4.29

4.54

4.50

5.22

4.70

3.18

3.37

3.41

3.49

3.85

3.98

47.44

96.19

79.03

88.45

88.87

80.64

73.26

95.43

151.56

176.73

91.80

165.29

0.72

0.42

0.49

0.27

0.36

0.71

0.58

0.52

0.73

0.60

0.86

0.77

MAE
(W m-2)
LE
(W m-2)
RMSE
(W m-2)
r2
MAE
(W m-2)

28.59

62.17

52.35

55.16

54.21

53.59

48.71

52.01

90.09

104.32

59.24

105.73

82.07

57.33

87.07

94.01

75.73

50.85

81.92

83.72

63.76

89.99

56.50

213.78

0.76
50.32

0.91
39.04

0.61
43.46

0.63
52.22

0.70
43.70

0.85
31.73

0.59
49.35

0.70
54.52

0.79
39.05

0.84
61.47

0.91
39.06

0.40
104.99

